1. Introduction {#sec1}
===============

Most of the cold-adapted enzymes that have been characterized to date originate from organisms isolated from Antarctica and the Antarctic seawater. In these low-temperature environments, the rates of chemical reactions responsible for maintaining life are substantially reduced. Nevertheless, organisms native to cold environments achieve metabolic rates that are sufficient for survival and growth and are comparable to those exhibited by mesophilic organisms at moderate temperatures. These organisms produce enzymes characterized by elevated catalytic activity at low temperatures associated, however, with low thermal stability.^[@ref1],[@ref2]^

Alcohol dehydrogenases (ADHs; EC 1.1.1.1) belong to the oxidoreductase family, a class of enzymes responsible for the catalysis of biological oxidations/reductions. ADHs catalyze the nicotinamide-adenine-dinucleotide (NAD^+^)/nicotinamide adenine dinucleotide phosphate (NADP^+^)-dependent interconversion of alcohols to their corresponding aldehydes or ketones and have been identified in all three domains of life: archaea, bacteria, and eukarya.^[@ref3],[@ref4]^ The medium-chain (∼370 residues), class I ADHs^[@ref5]^ representing most of the ADHs characterized to date share a NAD^+^/NADP^+^-binding domain that assumes the *Rossmann* fold.^[@ref6]^ Extensive variability has been observed mainly at the substrate-binding region, leading to diverse specificity, assembly of enzyme subunits, and temperature stability.^[@ref7]^

Several crystal structures are available to date including 120 eukaryotic and 90 prokaryotic ADHs.^[@ref8]^ The ADH from the psychrophilic bacterium *Moraxella* sp. TAE123 (UniProtKB ID Q8GIX7) with an engineered hexahistidine tag at the carboxy terminus (hereafter *Mo*ADH) has been purified and crystallized, and the phases have been determined.^[@ref9]^ In the present work, the refined structure is presented at 1.9 Å resolution. The enzyme is a Zn-dependent, medium-chain (338 amino acid residues), homo-tetrameric ADH and exhibits a wide range of substrate specificity, oxidizing mainly primary and secondary aliphatic alcohols, utilizing nicotinamide-adenine-dinucleotide (NAD^+^) as a cosubstrate.^[@ref10]^ It shows highest reaction rates for ethanol as a substrate and gradually decreases its reaction rates as the length and branching of the carbon chain of the alcohol substrates increase.^[@ref11]^ In the latter two referenced works, it has been shown that the enzyme also reduces aldehydes and ketones. In the present work, the crystal structure of *Mo*ADH has also been compared with the structures of selected ADHs, which are produced by bacteria thriving in environments of varying temperatures, namely, *Escherichia coli* (*Ec*ADH, UniProtKB ID P39451),^[@ref12]^*Geobacillus stearothermophilus* (*Gs*ADH, UniProtKB ID P42328),^[@ref13]^ and *Thermus* sp. ATN1 (*Th*ADH, UniProtKB ID B2ZRE3).^[@ref14]^ Moreover, circular dichroism (CD) spectropolarimetry and enzyme kinetics of *Mo*ADH have been carried out at varying temperatures. Finally, molecular dynamics (MD) simulation results for a single subunit of both *Mo*ADH and *Gs*ADH are presented in connection with the experimental findings for alcohol dehydrogenase from *Moraxella* sp. TAE123.

2. Results {#sec2}
==========

2.1. Enzyme Kinetics and Thermal Unfolding of *Mo*ADH {#sec2.1}
-----------------------------------------------------

Ethanol oxidation reaction rates have been measured as a function of temperature in the range 10--53 °C ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf)). The Arrhenius plot based on the latter data ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf)) yielded activation enthalpy Δ*H*^‡^ of approximately 30 kJ mol^--1^, which agrees with the value obtained for the original, untagged enzyme of 28.4 kJ mol^--1^ using data from the publication by Tsigos et al.^[@ref10]^ after limitation of the temperature range from 9 to 31 °C to preserve linearity for the respective Arrhenius plot. The original enzyme has been found to reach the peak of its activity at about 37 °C with comparable values of rate constants (*k*~cat~) with those of the His-tagged enzyme. Unexpectedly, the His-tagged enzyme remains active up to 53 °C. An analogous value for activation enthalpy (38.2 kJ mol^--1^) has been derived for the cold-active *Ff*ADH from the psychrotolerant bacterium *Flavobacterium frigidimaris* KUC-1 (UniProtKB ID Q8L3C9) for an even wider temperature range (10--60 °C).^[@ref15]^ It is notable that the *Ff*ADH shows higher enzymatic activity than *Mo*ADH by approximately an order of magnitude. Interestingly, the values of activation enthalpies for the above cold-adapted enzymes are substantially lower than the values 88.8 and 60.7 kJ mol^--1^ determined for the homologous thermophilic *Gs*ADH for two temperature ranges 5--30 and 30--65 °C, respectively.^[@ref16],[@ref17]^ The enzymatic activation parameters, i.e., activation enthalpy and activation entropy, for *Mo*ADH and its related enzymes are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Enzymatic Activation Parameters of Related Alcohol Dehydrogenases at 30 °C

                                                      *Mo*ADH[a](#t1fn1){ref-type="table-fn"}   *Mo*ADH-untagged^[@ref10]^   *Ff*ADH^[@ref15]^   *Gs*ADH^[@ref16],[@ref18]^   
  --------------------------------------------------- ----------------------------------------- ---------------------------- ------------------- ---------------------------- --------
  temperatures[b](#t1fn2){ref-type="table-fn"} (°C)   10--53                                    6--37                        10--60              5--30                        30--65
  Δ*H*^‡^ (kJ mol^--1^)                               30.0                                      28.4                         38.2                88.8                         60.7
  *T*Δ*S*^‡^ (kJ mol^--1^)                            --38.6                                    --39.9                       --24.3              21.8                         --5.9

Data fitted to a single line.

Temperature range of reported kinetic measurements. All data refer to ethanol oxidation except those for *Gs*ADH, which refer to benzyl alcohol oxidation reactions. *Gs*ADH shows biphasic kinetics for 5--30 and 30--65 °C.^[@ref16],[@ref17]^

The relatively small value of activation enthalpy of *Mo*ADH and *Ff*ADH dictates a small dependence of the reaction rates on temperature, which may be the most significant part of the cold adaptation of the *Moraxella* and *Flavobacterium* enzymes. Further, the thermal unfolding of *Mo*ADH monitored via CD spectropolarimetry occurs at approximately 89 °C ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf)). Moreover, the observed very slow unfolding of *Mo*ADH displays a kinetically controlled process because it requires several minutes at each temperature before each measurement. The above results put forward a significant thermal stability of the *Moraxella* enzyme, which agrees well with the behavior observed for the enzyme from *Flavobacterium*.^[@ref15]^

2.2. Structure of *Mo*ADH {#sec2.2}
-------------------------

The overall fold of one protomer of *Mo*ADH is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The biologically relevant homo-tetrameric structure is presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. As discussed below in the structure comparison section, the overall fold of the alcohol dehydrogenase structures is remarkably preserved among the class I enzymes. Each subunit comprises two distinct structural domains ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a): the catalytic domain (residues 1--150 and 288--340/345) and the nucleotide-binding domain (residues 151--287). The only *cis*-peptide bond observed occurs between residues Pro-55 and Pro-56. Residues Ser-270, Ile-271, and Val-286 assume main-chain dihedral angles in disallowed regions of the Ramachandran plot and also have high temperature factors (\>70 Å^2^). The latter observation signifies disorder in this region. It is also noteworthy that Ser-270 and Ile-271 lie in the interface between protein subunits, while Val-286 lies in the region that connects the two structural domains of the protomers.

![(a) Ribbon diagram of one protomer (chain D) of *Mo*ADH. Helices and β-strands are presented in different colors to show the two structural domains of the subunit. The upper domain (orange, cyan) is the NAD^+^-binding domain, and the lower domain (red, blue) is the catalytic domain. The zinc ions are shown as spheres. (b) Homo-tetrameric structure of *Mo*ADH. The subunits are uniformly colored except chain D. Chain A, yellow; chain B, blue; chain C, green; and chain D, red (catalytic domain) and orange (nucleotide-binding domain). The His-tag epitope tails are visible as extended lines at the carboxy termini of the A and C chains. N and C denote the amino- and carboxy termini of the subunits, respectively.](ao0c01210_0001){#fig1}

2.3. Metal-Binding Site {#sec2.3}
-----------------------

*Mo*ADH like most known medium-chain ADHs binds two Zn^2+^ ions per subunit. One metal ion is located at the active-site region; thus, it has been termed catalytic. At the catalytic site, the Zn(II) ligand atoms are as follows: Sγ-Cys-38, Nε2-His-61, Oε1-Glu-62, and Sγ-Cys-148 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The other zinc ion lies at approximately 22 Å from the catalytic one and is bound by four Sγ atoms of Cys-92, Cys-95, Cys-98, and Cys-106 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). The presence of the latter Zn(II) ion stabilizes the structure of the small structural subdomain formed by residues Ser-90 to Gln-110. The latter subdomain extends out of the main protein fold and participates in interactions of the subunits in the tetramer. Therefore, the second Zn(II) has been termed structural. Both metal sites are among the basic conserved features of the known ADH structures. The coordination of the metal ions at the catalytic and the structural sites of *Mo*ADH is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} along with the computed, weighted electron density maps. At both sites, the ligand arrangement around Zn^2+^ is nearly tetrahedral. The observed variations at the metal-binding sites are discussed in the following structure comparison section.

![Coordination of the (a) catalytic Zn(II) site and (b) structural Zn(II) site with ligand residues labeled. The weighted 2*F*~o~ -- *F*~c~ electron density map (blue lines) is contoured at a 1σ level.](ao0c01210_0002){#fig2}

The positions of the Zn(II)-binding residues in the sequence of selected ADHs are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The geometric parameters of the metal coordination are provided in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf). Notably, only in one enzyme subunit (termed B) near the catalytic zinc, there is an ordered water molecule at approximately 2.6 Å from the metal ion. This water is on the opposite side of Oε1 of Glu-62 and may play the role of a catalytic water molecule.^[@ref19],[@ref20]^ In the other enzyme subunits, no water was found near the catalytic zinc ions as the respective distances with ordered water molecules are greater than 4 Å.

![Sequence alignments of *Mo*ADH (4Z6K), *Ec*ADH (4GKV), *Gs*ADH (1RJW), and *Th*ADH (4CPD) based on their structural superpositions. On the top is shown the secondary structure of *Mo*ADH. The residues that interact with substrates are deduced by inference from the structures of the respective complexes (Protein Data Bank (PDB) IDs, 1RJW and 4GKV) and are marked with thick green lines. The residues engaged in inter-subunit contacts are marked with thick blue lines. Catalytic Zn(II)-binding residues are denoted with an asterisk and the structural Zn(II)-binding ones with an arrow head. The boxes signify conserved residues in at least three of the four sequences. The residue numbering corresponds to the sequence of *Mo*ADH. The figure was produced by *ESPript* 3.0 (web server: <http://espript.ibcp.fr>).](ao0c01210_0003){#fig3}

In the *Mo*ADH structure, two additional Zn^2+^ have been located, one in the interface between subunit B and the symmetry related to subunit A (1 -- *y*, *x* -- *y*, *z* + 2/3) and the second between subunit D and the symmetry related to subunit C (*y* -- *x*, −*x*, *z* + 1/3). These extra metal ions are held in place by residues His-7 and Glu-16 of subunits B or D and His-342 and His-344 of the His-tag epitopes at the carboxy termini of subunits A or C ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf)). The latter binding of zinc ions is probably the reason of the order of the terminal residues of chains A and C. In contrast, the six C-terminal residues of subunits B and D are disordered and thus missing from the structure.

2.4. Tertiary Structure and Active-Site Comparisons {#sec2.4}
---------------------------------------------------

The *Mo*ADH structure was compared in detail with three selected crystal structures of ADHs produced by other bacteria as described in [Section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}. A summary of the superpositions of each structure pair is shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The respective kinetic parameters of the enzymes compared herein are shown in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf).

###### Sequence and Structure Relations among the Selected Alcohol Dehydrogenases

  typical ambient temperature range of biological source (°C)   *Mo*ADH[a](#t2fn1){ref-type="table-fn"} (−20 to 10)   *Ec*ADH (20--45)   *Gs*ADH (\>40)   *Th*ADH (\>60)
  ------------------------------------------------------------- ----------------------------------------------------- ------------------ ---------------- ----------------
  *Mo*ADH[a](#t2fn1){ref-type="table-fn"}                                                                             44.5               59.6             23.6
  (PDB ID 4Z6K)                                                                                                                                            
  (UniProtKB: Q8GIX7)                                                                                                                                      
  *Ec*ADH:NAD^+^                                                1.28 Å                                                                   54.1             24.1
  (PDB ID 4GKV)                                                 \(314\)                                                                                    
  (UniProtKB: P39451)                                           1.46 Å                                                                                     
                                                                \(1195\)                                                                                   
  *Gs*ADH:CF~3~CH~2~OH                                          0.70 Å                                                1.33 Å                              25.9
  (PDB ID 1RJW)                                                 \(336\)                                               \(311\)                              
  (UniProtKB: P42328)                                           0.75 Å                                                1.51 Å                               
                                                                \(1347\)                                              \(1176\)                             
  *Th*ADH:NAD^+^                                                1.56 Å                                                1.60 Å             1.59 Å            
  (PDB ID 4CPD)                                                 \(264\)                                               \(271\)            \(271\)           
  (UniProtKB: B2ZRE3)                                           1.78 Å                                                1.94 Å             1.76 Å            
                                                                \(913\)                                               \(715\)            \(915\)           

The right diagonal half of the table shows the per cent sequence identity of the respective enzymes. In the left diagonal half, each top pair of values is the root-mean-square (rms) deviation of main-chain atoms followed by the number of residues (in parentheses) included in the three-dimensional least-squares fits. The latter numbers refer to the best single-chain fit between the corresponding pairs of structures. The lower pair of values corresponds to the least-squares fits of the respective tetramers.

The crystal structure of *Mo*ADH assumes a semiclosed conformation as derived from the results of molecular dynamics analyses ([Section [2.5](#sec2.5){ref-type="other"}](#sec2.5){ref-type="other"}). The rms deviations of *Mo*ADH (subunit C) from the open and closed conformations derived from PCA analysis at 340 K are 1.2 Å for 185 Cα atoms and 1.7 Å for 264 Cα atoms, respectively. The value of rms deviation between the open and closed conformations of MoADH is 1.8 Å for 191 Cα atoms.

The compared structures show a three-dimensional overlap extending approximately between 75 and 99% of their entire chain-lengths, while the respective sequence identity ranges between 24 and 60%. When the entire tetramers are compared, the corresponding structural overlaps are between 67 and 99% of the chain length, while in the case of the pair *Ec*ADH and *Th*ADH, this value decreases to about 50%. This result reflects the slightly different arrangement of the subunits in the latter two enzymes. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the multiple sequence alignment, which is based on the structural superpositions of the compared proteins. The figure shows the conserved regions, the residues involved in the binding of substrates that have been derived by inference to the homologous structures of the complexes with NAD^+^ (*Ec*ADH, *Th*ADH) or trifluoroethanol CF~3~CH~2~OH (*Gs*ADH), and the residues involved in subunit interactions. The distance limit for the latter interactions was set to 4 Å. It is notable that the interactions with the substrates extend over a wide area of the enzymes involving 36 residues. Most of these interactions (24) are located in the dinucleotide-binding domain comprising residues Val-151 to Gly-287 in *Mo*ADH. The extent of residue conservation in the interaction region with the substrates is also noteworthy. Only 9 of the 36 residues vary to residues of mostly similar physico-chemical properties in the three, closely related enzymes (*Mo*ADH, *Gs*ADH, and *Ec*ADH). The variations and sequence locations of these residues among the selected enzymes are as follows: Trp to Phe (49), Ile to Leu (173), Val to Ile (194), Ile to Val (196), Asp to Asn and Gly (197), Lys to Gln (200), Ala to Ser and Pro (215), Asn to Val (260), and Ile to Leu (285); the numbers refer to the *Mo*ADH sequence. Several more variations are observed for the hyperthermophilic enzyme *Th*ADH (26 of 36), the most prominent being the exchange of the conserved catalytic Zn-ligand Cys-148 in the three closely related ADHs to Asp-152 in *Th*ADH. Moreover, there are several substitutions to bulkier residues as well as an almost equivalent number of substitutions of complementary nature, i.e., large to small residues, among *Mo*ADH, *Ec*ADH, *Gs*ADH, and *Th*ADH.

The above-described variations in the substrate-binding region reflect only in part the corresponding change of electric potential of the enzymes' surface of the respective active-site regions. This is illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and signifies that more distant residues may also play a role in the development of positive or negative potential in the substrate-binding cleft. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} displays a nearly uniform distribution of positive and negative potentials among the psychrophilic (*Mo*ADH), thermophilic (*Gs*ADH), and hyperthermophilic (*Th*ADH) enzymes. On the contrary, the mesophilic enzyme (*Ec*ADH) shows an extended surface of positive potential when compared with the other structures. In the same figure, the effect of NAD^+^ binding on the width of the active-site cleft is also clearly visible. In the structures of *Ec*ADH and *Th*ADH, where NAD^+^ was cocrystallized with the enzyme, the active-site cleft is much narrower compared to that in *Mo*ADH and *Gs*ADH, where NAD^+^ was absent and only the analogue of ethanol (CF~3~CH~2~OH) was present in the structure of *Gs*ADH. This movement of the nucleotide-binding domain toward the catalytic domain in ADH structures has been described in detail earlier^[@ref13]^ and agrees with the molecular dynamics results presented below.

![(a) *Mo*ADH, (b) *Ec*ADH, (c) *Gs*ADH, and (d) *Th*ADH. The surface presents the electrostatic potential of the respective active site at the dinucleotide (NAD^+^)-binding region. Red and blue show the areas with limiting values of −1 and 1 kcal mol^--1^ e^--1^, respectively. The nucleotide is shown in stick representation and labeled with atom colors. The computations were carried out by the PBEQ Solver module (web server: <http://www.charmm-gui.org/>). All panels of the figure have approximately the same orientation.](ao0c01210_0004){#fig4}

The compared ADH structures contain either one *cis*-peptide bond (*Mo*ADH, Pro-55-Pro-56 and *Gs*ADH, Leu-55-Pro-56) or no cis linkages at all (*Ec*ADH and *Th*ADH). The presence of a small number of *cis*-peptide bonds in psychrophilic enzymes has been proposed to facilitate the energetics of protein folding at low temperatures.^[@ref2]^

A last observation referring to the overall structures of the compared ADHs is the remarkably higher average atomic temperature factor for the *Mo*ADH structure (∼60 Å^2^) compared to values ranging from approximately 9 to 36 Å^2^ for the other structures determined at similar resolution limits (1.9--2.4 Å). *Th*ADH has also high atomic temperature factor values (∼60 Å^2^) most likely because it has been refined at medium resolution (2.74 Å). Molecular packing does not seem to affect atomic displacement parameters because all four compared ADH structures have been derived from crystals that contain more than 50% (v/v) solvent. The higher temperature factors point generally to higher mobilities of the atoms including those of the active-site region. Increased mobility of *Mo*ADH is generally expected in cold-adapted enzymes.^[@ref2]^

### 2.4.1. Metal-Binding-Site Comparisons {#sec2.4.1}

[Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf) provides the geometric parameters of the metal coordination in all four compared ADH structures. The tetrahedral arrangement of the ligands around Zn(II) is generally preserved. The structural zinc ions are bound invariably by four Sγ atoms of cysteines whose relative position in the protein sequence is also conserved ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). This is expected for a region that contributes to the stability of the biologically relevant tetrameric structure, i.e., the small structural subdomain comprising residues Ser-90 to Gln-110 (*Mo*ADH numbering) whose integrity relies on the presence of a tightly bound Zn(II). On the contrary, the catalytic zinc ions exhibit variation of the fourth (weak) ligand, namely, Oε1 of Glu-62 in *Mo*ADH (distance to zinc ion ∼2.7 Å), which is substituted by oxygen of an ordered water molecule in *Ec*ADH and *Th*ADH, whereas in *Gs*ADH, the fourth ligand is the oxygen atom of the substrate alcohol. The exchange of ligands could be attributed to the fact that *Ec*ADH and *Th*ADH structures have been determined as the enzyme complexes with NAD^+^ and the active-site architecture rearranges, as mentioned above, allowing thus the replacement of Oε1 by the oxygen of water. The other metal ligands, namely, Cys-38, His-61, and Cys-148 (*Mo*ADH numbering) are preserved except in the hyperthermophilic *Th*ADH, whereby Cys-148 is replaced by Asp-152. Additional subtle variations in the catalytic zinc site are observed for the angles between the metal and the fourth ligand (water) in the structures of *Ec*ADH and *Th*ADH. This again could be due to the rearrangement of the active site upon binding of the cosubstrate dinucleotide.

### 2.4.2. Quaternary Structure Comparisons {#sec2.4.2}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows underlined the residues engaged in the subunit interactions of the enzymes' quaternary structures. More detailed information is provided in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf), which displays the type and number of interactions among the protomers (subunits) in the biologically relevant homo-tetrameric unit. The increase of the number of ionic interactions is prominent from the psychrophilic *Mo*ADH (12) toward the mesophilic *Ec*ADH (28) and the two thermophilic, *Gs*ADH (30) and *Th*ADH (23), enzymes. The same trend also holds true for the intramolecular ionic interactions (not shown), providing further evidence to the earlier observation regarding the means of the cold adaptation of enzymes.^[@ref25]^

On the other hand, the interchain hydrogen bonds are more than twice as many in *Ec*ADH and *Th*ADH compared to *Mo*ADH, while they are approximately the same in *Mo*ADH's closest relative *Gs*ADH. The number of hydrophobic interactions increases from the psychrophilic to the other enzymes although it is again approximately the same in *Gs*ADH. Finally, there is a small increase in the interchain aromatic interactions of the thermophilic enzymes.

As regards the accessible surface areas of each tetramer, *Mo*ADH buries the least of its surface area (16.5%) to form its tetramer with a well-defined cavity of 3165 Å^3^ as shown in [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf). The other related ADHs bury more of their surface (22--27%) as expected from the more extensive inter-subunit interactions mentioned above, yielding either well-defined cavities of relatively small volume (*Ec*ADH), or cavities accompanied by channels, leading to the surface (*Gs*ADH, *Th*ADH) thus enclosing much larger volumes. The latter observation on the variation of the quaternary structure of *Mo*ADH may also play a role in the cold adaptation of the alcohol dehydrogenase from *Moraxella*.

2.5. Molecular Dynamics simulations {#sec2.5}
-----------------------------------

To get an in-depth look at the dynamics of the two closely related alcohol dehydrogenases *Mo*ADH and *Gs*ADH at all-atom resolution, we have run all-atom classical molecular dynamics (MD) trajectories. The dynamics are run at three temperatures (280, 310, and 340 K) for 150--400 ns as described in [Section [4.5](#sec4.5){ref-type="other"}](#sec4.5){ref-type="other"}. The results focus on two distinct and important features of the two dehydrogenases, namely, their thermostability and the characteristics of their substrate-binding cavity. These results supplement the knowledge obtained from the presented crystal structure of *Mo*ADH and give further insight into the dynamical behavior and adaptation of the *Moraxella* enzyme at low temperatures. The Zn^2+^ ligands of both *Mo*ADH and *Gs*ADH display for the last 100 ns of the simulations (at 310 K) rms deviations of about 0.07 and 0.30 nm for the catalytic and the structural zinc ions, respectively.

### 2.5.1. ADH Thermostability between Species {#sec2.5.1}

To investigate the influence of the temperature on the dynamical behavior (thermostability) of the two closely related alcohol dehydrogenases *Mo*ADH and *Gs*ADH, the root-mean-square fluctuations (RMSF) of the Cα atoms of each ADH monomer are evaluated for the first 3--11 eigenvectors, which sum to ∼60% of the total protein motion, as derived from a principal component analysis (PCA) or essential motion analysis^[@ref26]^ on each trajectory. The PCA suggests that *Mo*ADH exerts on average considerably noisier "essential" motions compared to *Gs*ADH. The RMSF values are mapped on the respective crystal structures of *Mo*ADH and *Gs*ADH and are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. *Mo*ADH displays more fluctuations than *Gs*ADH as the temperature is increased from 280 to 310 and 340 K. In stark contrast, *Gs*ADH seems more stable at higher temperatures and displays local flexibility. Selected residues that are identified to show different flexibility between the two ADH species are labeled in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. It is readily observed that the majority of the common conformational changes between the two ADH molecules are located toward the base of the substrate-binding cavity.

![Normalized *B*-factors from 0.1 to 100 (nm^2^) calculated from the MD-derived RMSF values^[@ref24]^ of the *Mo*ADH and *Gs*ADH Cα atoms at different temperatures (280, 310, and 340 K) and in a coloring scheme mapped on the crystal structures; from small (blue) to medium (green) and large (red) fluctuations. The residues not probed for the models (339--345 in *Mo*ADH) or at the protomers' interfaces (48--49, 76, 94, 96, 99, 105--107, 129, 161, 163--164, 187, 190, 239, 244, 253, 262--263, 266--272, 275--276, 279, 281--283, 285, 290, 293--294, 303) are shown in gray. Selected residues are labeled for reference. The substrate-binding cavity is designated by an asterisk.](ao0c01210_0005){#fig5}

The temperature dependences of the flexibility of the Cα atoms of *Mo*ADH and *Gs*ADH are comparatively presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b. The latter results allow an estimation of the conformational variability between the two ADHs. In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, the differences are shown in the RMSF values between *Mo*ADH and *Gs*ADH. On average, there exist more negative peaks that are associated with increased *Mo*ADH flexibility at any temperature. The squares of the generalized order parameters (*S*^2^), per residual backbone N--H bond vector, were evaluated in line with earlier work.^[@ref21]^ The order parameters were scaled by a 0.89 factor, and their temperature dependence (Λ) was also calculated.^[@ref21]^ The Λ values indicate the temperature dependence of the effective potential for the fluctuations of the N--H bond vectors. Large Λ values are associated with higher disorders as temperature increases. In the proposed model, an average Λ of 1.93 for *Mo*ADH and 1.81 for *Gs*ADH suggest that the *Mo*ADH structure is slightly more sensitive to temperature. Based on the evaluated slope (∼0.0095) of the linear dependence between Λ and the melting temperature (*T*~m~) previously proposed for members of the bacterial ribonuclease H (RNase H),^[@ref21]^ a rather small difference in *T*~m~ values of ∼13 °C is obtained between the two analyzed ADHs. In the case of interacting protomers, such as in the tetrameric ADHs, additional stability could be introduced, and the above proposed value may be different.

![(a) Differences in the root-mean-square fluctuations (RMSFs) of the Cα atoms between *Gs*ADH and *Mo*ADH. Negative peaks indicate more flexibility for the latter enzyme. Horizontal lines indicate the zero baselines. (b) Λ values for the two ADH species that refer to the temperature dependence of the *S*^2^, the generalized order parameter, which is based on the backbone N--H bond vector. The average values in each case are also shown. Shaded areas in (a) and (b) mark residues participating in the inter-subunit contacts of the tetramers. (c) Sequences of *Mo*ADH and *Gs*ADH including the secondary structure features are shown below the two graphs for reference.](ao0c01210_0006){#fig6}

### 2.5.2. Substrate-Binding Cavity {#sec2.5.2}

The substrate-binding cavity consists of two connecting subdomains, defined herein by the following residues, subdomain-1: 37--40, 43, 48--51, 61--62, 86--88, 146--149, 151--152, 285--287, 323--331 and subdomain-2: 151--152, 171--176, 193--200, 214--216, 237--240, 242--245, 260--262, 283--287. The solvent (water) accessible surface area (SASA) of the cavity was evaluated throughout the MD trajectories for each ADH species and temperature. The results are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. We observe opposite trends in the SASA for *Mo*ADH and *Gs*ADH. However, it is interesting to note that around the assumed physiological temperatures of function for the two ADHs (280 K for *Mo*ADH and 340 K for *Gs*ADH) the values of SASA are comparable with a mean value at around 60 nm^2^. To elucidate the fine details of the above trends in SASA, we have evaluated the number of hydrogen bonds between the residues within the substrate-binding cavity and adjacent water molecules in a probability density scheme ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). The cutoff angle between hydrogen--donor--acceptor was set at 30°, while the hydrogen bond cutoff radius, at 0.35 nm.

![(a) Solvent (water) accessible surface area (SASA) of the substrate-binding cavity. (b) Number of hydrogen bonds between residues within the substrate-binding cavity and adjacent water molecules.](ao0c01210_0007){#fig7}

As a general trend, for the H-bonding network profile, increase in the temperature leads to a lower number of H-bonds between the protein and water molecules within the cavity. It is remarkable that this trend is enhanced in the *Gs*ADH species but it is not prominent in *Mo*ADH. For *Gs*ADH, the latter fact indicates that at higher temperatures there could be a higher in/out flux of water molecules, leading to cavity variation between a partially collapsed and a fully hydrated conformation that has a larger effect on the SASA.

Throughout the MD trajectories and based on the PCA reported herein, we have observed a distinct open--close motion of the substrate-binding cavity, as depicted for *Gs*ADH in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a. The determined crystal structures of *Mo*ADH and *Gs*ADH overlap in an ideal way with the average structure of the respective open--closed conformations ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf)). The latter evaluates positively the model systems presented herein. Two groups of residues seem to exert the main conformational changes associated with the open--close motion of the substrate-binding cavity, which has been previously reported.^[@ref13]^ The distance between Lys-200 and Glu-329 in *Mo*ADH, or Lys-200 and Asn-329 in *Gs*ADH is fluctuating following the open--close transition in both ADHs. These residues are found at the entrance of the substrate-binding cavity (referred hereafter as "gate residues"). Moreover, there is a considerable fluctuation at the base of the substrate-binding cavity upon open--closed transition ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The residues involved in the latter case are Arg-289, Ser-100, Gly-101, Gln-102 (*Gs*ADH) and Arg-289, Gly-100, Gly-101, and Trp-102 (*Mo*ADH). Especially, for Arg-289, a large conformational change of its backbone is observed, from φ/ψ angles in the α-helical region of the Ramachandran plot at the closed state to the forbidden region (φ: 0\...+180°, ψ: 0\...--180°) at the open state. The positions of these groups of residues are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a for reference. The distance between the gate residues is found to be most appropriate to describe the open--close transitions of the substrate-binding cavity. There is a distinct difference for these residues between the two ADHs. Further, there is a clear electrostatic interaction in *Mo*ADH (Lys-200 and Glu-329), whereas an oriented H-bonding interaction is associated with the gate in *Gs*ADH (Lys-200 and Asn-329).

![(a) Open--closed conformations calculated from the extreme structures for the first eigenvector of *Gs*ADH within the 340 K trajectory. The catalytic site is designated as a shaded area. (b) Distance of residues Lys-200 and Glu-329 of *Mo*ADH and Lys-200 and Asn-329 of *Gs*ADH at the gate of the substrate-binding cavity is consistent with the transition between the open and closed ADH states. (c) Open--closed transition of the ADHs in the frequency domain and (d) along with the distances between the residues defining the gates over the probed temperature range.](ao0c01210_0008){#fig8}

The fast Fourier transforms (FFTs) of the autocorrelation functions of the distance--time series of each ADH gate, at the different temperatures, have also been evaluated. The resulting dynamics in the frequency domain are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c, along with the distributions of the distances between the gate residues in terms of probability densities ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}d) over the different MD trajectories. The results in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c suggest distinct dynamic features that emerge for the substrate-binding cavity of the two ADHs. For *Mo*ADH, the open--close transition occurs in two events (10 and 60 μs^--1^) at 280 K, and it is quite reduced at 340 K. In stark contrast, for *Gs*ADH, this transition is hindered at 280 K but it occurs predominantly in one event (10 μs^--1^) at 340 K with comparatively higher intensity. The reported intensities in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c could be associated with populations in the open--closed states during the catalytic cycles. In particular, the two states could be associated with substrates entering and binding in the cavity or with the release of the products. On average, the gate at the substrate-binding cavity appears more open (larger distance between gate residues) in *Gs*ADH compared to *Mo*ADH ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}d). The latter can be attributed to the nature of the interaction between the gate residues, as already discussed, but it can also justify the results shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b, whereby the gate residues appear to be closer in *Mo*ADH. This geometry delays somehow the in/out flux in the substrate-binding cavity and helps retaining the number of the H-bonds between the protein and adjacent waters as temperature increases ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). In contrast, a more open cavity in *Gs*ADH can release/uptake more waters per time unit, with the H-bonds reduced between the protein and water molecules, at higher temperatures. The differences in dynamics could arise from the variant gate residues of the two enzymes. It may also be possible that the aforementioned residues at the base of the cavity also differ in the two ADHs, control as well the open--closed transition. A driving force for the open--close transition could also arise from the fact that the Arg-289 transition to a forbidden region of considerable steric hindrance forces the residue to return to the α-helical conformation in repeating cycles.

3. Discussion and Conclusions {#sec3}
=============================

The structure ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) of *Mo*ADH determined herein from psychrophilic *Moraxella* sp. TAE123 in combination with the homologous ADH structures derived from mesophilic (*E. coli*), thermophilic (*G. stearothermophilus*), and hyperthermophilic (*Thermus* sp. ATN1) bacteria provided interesting results as regards the features that underline cold adaptation. These results diverge from those of previous studies on other enzymes from psychrophiles.^[@ref2],[@ref27]^ The enzyme kinetics results ([Table S1 and Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf)) along with the thermal protein unfolding studies probed via CD spectroscopy ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf)) signify a thermostable *Mo*ADH. The enzyme is active in a wide range of temperature (10--53 °C), and its catalytic rates exhibit a very small temperature dependence (Δ*H*^‡^ 30 kJ mol^--1^).

In summary, the following conclusions can be deduced as regards the low-temperature adaptation of *Mo*ADH. First, the observed small value of activation enthalpy (Δ*H*^‡^, 30 kJ mol^--1^) may well be the most significant molecular adaptation at low temperatures by *Mo*ADH. Second, another important physico-chemical parameter for the cold-adapted *Mo*ADH appears to be the limited ionic interactions between the subunits in the tetramer.^[@ref2]^ There are about half salt-bridges in *Mo*ADH compared to the mesophilic or thermophilic homologues ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf)). The same is true although to a smaller extent for the intrachain protein interactions. Ionic interactions are considered to play an important role in stabilizing thermophilic proteins^[@ref28]^ but are not apparently required for the cold-adapted enzymes. Moreover, the H-bonds are also limited (less than half) among the subunits in *Mo*ADH compared to the corresponding values for the mesophilic *Ec*ADH and hyperthermophilic *Th*ADH. On the contrary, the numbers of H-bonds among the subunits of *Mo*ADH and *Gs*ADH are approximately equal. It is worth stating that the respective numbers of intramolecular H-bonds in all four enzymes are also approximately equal. The above increased interactions in the mesophilic and thermophilic enzymes result also into a tighter binding of their subunits to yield a more stable tetramer. The latter is also supported by the observed values of the buried surface area in the respective oligomeric structures ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf)). Third, the substitution of few (9/36) residues in the substrate-binding area of the three closely related enzymes, namely, *Mo*ADH, *Ec*ADH, and *Gs*ADH, may also affect the accessibility and electrostatic potential of the active site of these ADHs. The effect on the surface potential is quite pronounced in *Ec*ADH but only minor in the *Gs*ADH structure ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Moreover, active site analysis of the four compared structures did not result in any significant increase of the side-chain volume for the thermophilic enzymes.

Finally, the conclusions of the molecular dynamics simulations of *Mo*ADH and *Gs*ADH provided further insight into some interesting dynamical properties of the binding cavity and correlate with the above experimental results. First, *Mo*ADH shows higher mobilities than its thermophilic counterpart *Gs*ADH ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a) at all three temperatures investigated (280, 310, and 340 K). Second, both enzymes exhibit increased local flexibility in certain areas of their structures, which vary as a function of temperature ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Third, the dynamics of the substrate-binding cavity of *Mo*ADH point to open--close transitions occurring in two events (10 and 60 μs^--1^) at 280 K ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c). The latter transition is quite reduced at 340 K. In contrast, for *Gs*ADH, this transition is hindered at 280 K, but it occurs predominantly in one event (10 μs^--1^) at 340 K, with comparatively higher intensity. On average, the gate at the substrate-binding cavity appears more open (larger distance between gate residues) in *Gs*ADH compared to *Mo*ADH ([Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}). To what extent the differences in the gate/base residues contribute to the open--close transition of the substrate-binding cavity remains thus far unclear. The elucidation of the fine details of such a transition requires enhanced sampling and free-energy calculations.^[@ref29]^ These will be addressed in future work, while the study presented herein focuses mainly on the thermostability of the two ADHs and the differences between them at all-atom resolution and variant temperatures.

4. Experimental Section and Computational Methods {#sec4}
=================================================

4.1. Thermal Protein Unfolding via CD Spectropolarimetry {#sec4.1}
--------------------------------------------------------

The CD spectra were collected with a J-810 spectropolarimeter (JASCO, Inc.) in a quartz cuvette with a 1 mm optical length and a protein concentration of approx. 0.67 g L^--1^ in 20 mM Tris--H~2~SO~4~, pH 8.0, and 20 mM Na~2~SO~4~. The temperature was controlled by a Peltier system. Data points were taken manually at wavelength 217 nm from 81 to 98 °C. The sample was equilibrated for 20 min at each temperature. The signal was recorded in units of mean residue ellipticity (mdeg). The value of ellipticity at 81 °C was similar to those at lower temperatures (10--80 °C).

4.2. Enzyme Assays {#sec4.2}
------------------

The standard assay mixture contained 70 nM enzyme, 20 mM Tris--HCl, pH 7.4, 10 mM CaCl~2~, and 90 mM imidazole in total volume of 200 μL. For the determination of the kinetic constants for NAD^+^ as the variable substrate, a series of 0, 0.1, 0.5, 1.1, 2.0, and 4.0 mM NAD^+^ were added and the reaction was started by injection of 35 mM ethanol. Experiments have been carried out with approximately 5° intervals at temperatures ranging between 10 and 53 °C. The latter value is the maximum temperature attained by the employed instrument. A FLUOstar Galaxy microplate reader spectrometer (MTX Lab Systems, Inc.) was used with Costar 3596 96-well plates (Cole-Parmer, Co.) in absorption mode at 340 nm wavelength. Every absorption measurement including the blanks was performed three times, and the values were averaged.

4.3. Structure Determination and Refinement {#sec4.3}
-------------------------------------------

The protein purification, crystallization, diffraction data collection, and processing statistics have been presented in detail earlier.^[@ref9]^ The initial model of the structure was obtained by applying the single-wavelength anomalous diffraction (SAD) method. The structure was solved in the space group *P*3~2~21. All diffraction data (*F* \> 0) extending to 1.9 Å resolution were used in refining the structure of the biologically relevant unit comprising four protein subunits, each of which contains 346 residues. The latter include the engineered His-tag epitope sequence LEHHHHHH at the protein's carboxy terminus. The initial structure was refined with REFMAC5^[@ref22]^ as implemented in the CCP4 suite of programs^[@ref30]^ Interventions of manual inspection and search for ordered solvent and fitting employed Xfit.^[@ref23]^[Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} summarizes the refinement statistics.

###### Refinement Statistics of the *Mo*ADH Structure[a](#t3fn1){ref-type="table-fn"}

  ------------------------------------------------------------------------------------ ----------------------------------
  space group                                                                          *P*3~2~21
  unit cell dimensions (Å)                                                             *a* = *b =* 136.57, *c* = 210.83
  resolution range (Å)                                                                 118.3--1.90 (1.95--1.90)
  no. of unique reflections                                                            171 943 (8898)
  completeness (%)                                                                     96.6 (72.1)
  ⟨*F*⟩/σ(*F*)                                                                         16.1 (2.3)
  *R*-cryst[b](#t3fn2){ref-type="table-fn"}/*R*-free[c](#t3fn3){ref-type="table-fn"}   0.212 (0.418)/0.233 (0.437)
  rms deviations                                                                        
  bond distances (Å)                                                                   0.02
  bond angles (deg)                                                                    1.94
  chiral volumes (Å^3^)                                                                0.12
  no. of non-hydrogen atoms                                                             
  protein atoms                                                                        10 148
  Zn^2+^ ions                                                                          10
  ordered water molecules                                                              995
  temperature factors (Å^2^)                                                            
  overall *B*-factor/rms deviation                                                     60.1/2.5
  main-chain atoms                                                                     58.2
  side-chain atoms                                                                     63.4
  metal ions, Zn(II)                                                                   50.0
  water oxygen atoms                                                                   55.6
  Ramachandran plot                                                                     
  residues in favored regions (%)                                                      95.3
  residues in allowed regions (%)                                                      3.7
  residues in disallowed regions (%)                                                   1.0
  PDB ID                                                                               4Z6K
  ------------------------------------------------------------------------------------ ----------------------------------

Values in parentheses refer to the highest-resolution shell.

*R*-cryst is the crystallographic reliability factor given by the relation ∑\|*F*~o~ -- *F*~c~\|/∑*F*~o~, where *F*~o~ and *F*~c~ are the observed and calculated structure factor amplitudes, respectively. The summations are over all of the measured reflections.

*R-*free is calculated from a 5% random subset of the diffraction data.

The geometry of the final model was analyzed by PROCHECK,^[@ref31]^ and MolProbity^[@ref32]^ was used for rotamer and clash score calculations. The figures of the structures were produced by the molecular graphics system PyMol ([www.pymol.org](www.pymol.org)).

4.4. Structure Comparisons {#sec4.4}
--------------------------

Homologous structures of alcohol dehydrogenases from bacteria living in environments of diverse temperatures (mesophilic, thermophilic, and hyperthermophilic) were selected from the deposited ADH structures in the Protein Data Bank^[@ref8]^ and compared with the *Mo*ADH structure. The biological origins of the compared ADHs with the structure presented herein are as follows: *E. coli* (*Ec*ADH, PDB ID 4GKV),^[@ref12]^*G. stearothermophilus* (*Gs*ADH, PDB ID 1RJW),^[@ref13]^ and *Thermus* sp. ATN1 (*Th*ADH, PDB ID 4CPD).^[@ref14]^ The structures of *Ec*ADH and *Th*ADH were determined as complexes with NAD^+^. Nevertheless, the structural comparisons have been made possible because the crystal structures of the apoenzymes (*Mo*ADH and *Gs*ADH) assume a semiclosed conformation. The latter observation has been derived from the molecular dynamics simulations presented in [Section [2.5](#sec2.5){ref-type="other"}](#sec2.5){ref-type="other"}. Moreover, to date, there are no other closely related apo-ADH structures to *Mo*ADH from *E. coli* or from any other hyperthermophilic bacterium. The next closest homologue from *E. coli* whose structure has been determined in the apoenzyme form is the alcohol dehydrogenase-like protein yahK (PDB ID 1UUF) with about 30% sequence identity and rms deviation 1.4 Å of 284 Cα atoms from *Mo*ADH.

Both individual subunits and the homo-tetrameric structures were compared by three-dimensional superpositions using SwissPDBViewer (<http://spdbv.vital-it.ch/>).^[@ref33]^ The sequence analyses and multiple alignments were carried out via the ProtParam tool and ClustalW as implemented in the ExPASy suite.^[@ref34]^ The computations of the type and number of interactions among the enzyme subunits were carried out by the PIC server (<http://pic.mbu.iisc.ernet.in/>).^[@ref35]^ Computations of the protein accessible surfaces were carried out by PISA (<http://www.ebi.ac.uk/pdbe/pisa/>).^[@ref36]^ The computations of the cavities were carried out by POCASA ([altair.sci.hokudai.ac.jp/g6/service/pocasa/](altair.sci.hokudai.ac.jp/g6/service/pocasa/)).^[@ref37]^ Finally, the calculations of the electrostatic potentials of the enzymes were carried out by the PBEQ Solver module^[@ref38]^ at the CHARMM-GUI server (<http://www.charmm-gui.org/>)^[@ref39]^

4.5. Molecular Dynamics Computational Protocol {#sec4.5}
----------------------------------------------

### 4.5.1. Model Setup {#sec4.5.1}

The crystal structures of *Mo*ADH (PDB code 4Z6K, chain C) and *Gs*ADH (PDB code 1RJW, chain B) were used as initial coordinates to build the models, due to improved resolution of the respective chains. Only one monomer per ADH was probed herein, for computational efficiency. For consistency, the residues 339--345 were removed from the crystal structure of *Mo*ADH, whereas the substrate (trifluoroethanol) was also removed from the crystal structure of *Gs*ADH. The Glu-62/catalytic-Zn coordination was also restored in the latter upon changing a side-chain torsion angle of Glu-62, to match the one in *Mo*ADH. No co-enzyme or other alcohol substrates were included in the MD simulations. The protonation states of titratable residues were simulated at neutral pH, thus all Glu and Asp residues were left deprotonated, in accordance also with the PDB 2PQR (propka 3.0 method) predictions.^[@ref40]^ For both *Mo*ADH and *Gs*ADH, the cysteinyl residues 92, 95, 98, and 106, ligands of the structural Zn, were simulated at the sulfide protonation state. The cysteinyl ligands of catalytic Zn (Cys-38 abd Cys-148) were also treated as sulfides. Cys-259 (*Mo*ADH) and Cys-35, Cys-124, and Cys-257 (*Gs*ADH) were treated at the protonated states, and His-7, His-76, His-94, and His-232 (*Mo*ADH) and His-76, His-108, and His-232 residues (*Gs*ADH) were protonated only at the Nε site. The rest of His residues were protonated only at the Nδ sites, to maintain the hydrogen bonding network within the crystal structures. All crystallographic water molecules are retained within each crystal structure. Two samples (*Mo*ADH and *Gs*ADH) were, thus, prepared in a consistent way. The all-atom models, as defined previously, were embedded in a triclinic box of around 8.5 nm × 7.6 nm × 9.4 nm in the *x*, *y*, and *z* dimensions, respectively. Around 18 000 SPC/E water molecules^[@ref41]^ were used to hydrate each protein. Ion (K^+^ and Cl^--^) concentration at 120 mM was added to mimic the physiological salt concentration, in addition to a K^+^ surplus to neutralize the protein charges in each sample, resulting in models of around 60 800 atoms. The Amber03^[@ref42]^ protein force field was used for the residues and ions.

### 4.5.2. Equilibration--Production Setup {#sec4.5.2}

The equilibration--relaxation for the all-atom systems is employed based on published protocols.^[@ref43]^ This contains a steepest descent energy minimization with a tolerance of 0.5 kJ mol^--1^ for 1000 steps and a sequence of isothermal (nVT), isothermal--isobaric (nPT) runs with the gradual relaxation of the constraints on protein heavy atoms (from 10^4^ in steps 1--2 to 10^3^ kJ mol^--1^ nm^--2^ in step 4) and Cα atoms (from 10^3^ in step 5 to 10^2^ in step 6, 10 in step 7, 1 in step 8, and 0 kJ mol^--1^ nm^--2^ in step 9) for around 30 ns, with a time steps of 1.0 fs (steps 1--4) and 2.0 fs (steps 5--9). The details are as follows: (step 1) constant-density and -temperature (nVT) Brownian dynamics (BD) at 100 K for 50 ps that employs the Berendsen thermostat, with a temperature coupling constant at 1.0 fs;^[@ref44]^ (steps 2--3) two short constant-density (nVT) and constant-pressure (nPT) runs for 100 ps each, with a weak coupling Berendsen thermostat and barostat^[@ref43]^ at 100 K employing time coupling constants of 0.1 ps for the temperature and isotropic 50.0 ps coupling for the pressure with a compressibility of 4.6 × 10^--5^; (step 4) heating from 100 to 250 K in a constant-density ensemble (nVT) for 3 ns employing the v-rescale thermostat,^[@ref45]^ with a time coupling constant of 0.1 ps; (step 5) heating from 250 to 280, 310, or 340 K in a constant-pressure ensemble (nPT) for 2 ns, employing the v-rescale thermostat^[@ref45]^ and Berendsen barostat,^[@ref44]^ with time coupling constants of 0.1 ps for the temperature and 2.0 ps for the pressure, removing also all but the Cα-atom protein position restraints; (step 6) equilibration at 280, 310, or 340 K (0.1 ps temperature coupling constant) for 5 ns (nPT, 1 atm, 2.0 ps coupling constant for pressure); (steps 7--8) equilibration at 280, 310, or 340 K (0.5 ps temperature coupling constant) for 5 ns (nPT, 1 atm, 2.0 ps coupling constant for pressure); and (step 9) equilibration at 280, 310, or 340 K (0.5 ps temperature coupling constant) for 10 ns (nPT, 1 atm, 2.0 ps coupling constant for pressure). The barostats--thermostats employed for steps 6--9 were the same as in the production trajectories that follow.

For the production all-atom classical molecular dynamics (MD), Newton's equations of motion are integrated with a time step of 2.0 fs at three different temperatures (280, 310, and 340 K). All production simulations are run with the leap-frog integrator in GROMACS 5.1.5^[@ref46]^ for 150 ns each. They were performed at the constant-pressure nPT ensemble, with isotropic coupling (compressibility at 4.5 × 10^--5^) employing the v-rescale thermostat^[@ref45]^ (280, 310, or 340 K, temperature coupling constant 0.5) and the Parrinello--Rahman barostat^[@ref47],[@ref48]^ (1 atm, pressure coupling constant 2.0). Details of parameters can be found in earlier work.^[@ref43]^ The first 50 ns were considered for further equilibration from each independent trajectory per sample and were disregarded in the analysis. Van der Waals interactions were smoothly switched to zero between 1.0 and 1.2 nm with the VERLET cutoff scheme. Electrostatic interactions were truncated at 1.2 nm (short-range), and long-range contributions were computed within the PME approximation.^[@ref49]^ All bond lengths were constrained employing the LINCS algorithm.^[@ref50]^

It was noticed that, throughout the MD trajectory of *Gs*ADH at 340 K, a water molecule was coordinated on the catalytic Zn site, whereas the *Mo*ADH trajectory at 340 K gave such a coordination only transiently. For the other temperatures (280 and 310 K), no water coordination was observed within the simulation time window (150 ns) in any protein. Therefore, we chose to extend the sampling at 340 K in a second independent trajectory of 150 ns per ADH. For these second independent trajectories, initial coordinates for *Gs*ADH were chosen from the 310 K trajectory, while for *Mo*ADH, they were chosen from the 340 K trajectory at the transient coordination state. Reassignment of velocities in a Maxwell distribution and de novo equilibration was performed for these initial structures, prior to the production. For these second trajectories, on *Gs*ADH, a water molecule was again coordinated at the catalytic Zn site (at around 60 ns), whereas for *Mo*ADH, the trajectory sampled exclusively the water coordinated on the catalytic Zn site. Results for both *Gs*ADH and *Mo*ADH reported at 340 K herein are averaged over the two independent trajectories (after 25 ns for the second sampling). The initial *Mo*ADH trajectory at 340 K was also extended up to 400 ns. In the latter, a stable water coordination was sampled on the catalytic Zn site, at around 270 ns and beyond. Thus, there must be a barrier associated with the water coordination to the catalytic Zn site, so the different catalytic Zn coordination states are only sampled at the highest (340 K) temperature. However, this barrier along with the associated minimum populations is beyond the scope of this study, and they will be addressed in a future work.

The produced root-mean-square (RMSF) values, per eigenvector, are weighted based on the respective eigenvalues or contributions to the total protein motion and averaged. To reproduce almost 60% of the total protein motion, less PCA eigenvectors are needed for *Gs*ADH (3 at 280 K, 7 at 310 K, and 3 at 340 K), while more are needed for the *Mo*ADH models (11 at 280 K, 6 at 310 K, and 5 at 340 K).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01210](https://pubs.acs.org/doi/10.1021/acsomega.0c01210?goto=supporting-info).*Mo*ADH rate constants for the oxidation of ethanol with increasing temperatures (Table S1), Arrhenius plot of *Mo*ADH kinetic data (Figure S1), thermal denaturation curve of *Mo*ADH based on circular dichroism data (Figure S2), interface Zn-binding site (Figure S3), superposition of protomers of *Mo*ADH and *Gs*ADH (Figure S4), comparison of Zn(II)-site geometries of selected alcohol dehydrogenases (Table S2), kinetic parameters of the compared alcohol dehydrogenases (Table S3), intermolecular contacts between the subunits of tetrameric structures of alcohol dehydrogenases (Table S4), and buried surfaces and cavities among subunits of related ADH structures (Table S5) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01210/suppl_file/ao0c01210_si_001.pdf))
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*Mo*ADH

:   alcohol dehydrogenase from *Moraxella* sp. TAE123

*Ff*ADH

:   alcohol dehydrogenase from *Flavobacterium frigidimaris* KUC-1

*Ec*ADH

:   alcohol dehydrogenase from *Escherichia coli*

*Gs*ADH

:   alcohol dehydrogenase from *Geobacillus stearothermophilus*

*Th*ADH

:   alcohol dehydrogenase from *Thermus* sp. ATN1

*B*-factor

:   atomic displacement parameter, temperature factor

CD

:   circular dichroism spectropolarimetry

MD

:   molecular dynamics

PDB

:   Protein Data Bank

PCA

:   principal component analysis

RMSF

:   root-mean-square fluctuations

SASA

:   solvent (water) accessible surface area
